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The ability to harness the dynamics of quantum information and entanglement is necessary
for the development of quantum technologies and the study of complex quantum systems. On
the theoretical side the dynamics of quantum information is a topic that is helping us unify
and confront common problems in otherwise disparate fields in physics, such as quantum
statistical mechanics and cosmology. On the experimental side the impressive developments
on the manipulation of neutral atoms and trapped ions are providing new capabilities to
probe their quantum dynamics. Here, we overview and discuss progress in characterizing
and understanding the dynamics of quantum entanglement and information scrambling in
quantum many-body systems. The level of control attainable over both the internal and
external degrees of freedom of individual particles in these systems provides great insight into
the intrinsic connection between entanglement and thermodynamics, bounds on information
transport and computational complexity of interacting systems. In turn this understanding
should enable the realization of quantum technologies.
1 Introduction
One of the scientific developments in the past decade has been the emergent synergy between
historically disparate fields in physics: atomic, molecular and optical (AMO) physics, condensed
matter, general relativity and high energy physics. Quantum entanglement connects these different
disciplines (see Fig. 1) opening new perspectives on understanding and describing complex quan-
tum many-body systems. A major advance is the understanding that entangled states are not only
a fundamental resource for quantum information processing, but also play a crucial role in black
hole thermodynamics,including the description of a black hole’s horizon [1, 2, 3, 4] and emergent
space-time [5, 6, 7]. Entangled states also appear in the non-equilibrium dynamics of isolated
quantum many-body systems [8, 9]. Moreover, quantum chaos is now believed to be intrinsically
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related to how entanglement is distributed in a system [10, 11]; this connection has opened up a
new way to define quantum chaos and tie it to complexity theory and even quantum gravity [7, 12].
Studying the dynamics of entanglement is thus important for different areas. However, it
is a challenging task because entangled many-body systems are hard to create and characterize
experimentally and model theoretically. Although we often understand the individual quantum
building blocks well, systems involving even a few tens of quantum particles interacting with each
other exhibit complex and new behaviors which are typically inaccessible to classical computer
simulations. But thanks to experimental advances in controlling and manipulating atomic systems
such as quantum gas microscopes, optical tweezers and arrays of trapped ions (See Fig. 1), it is
now possible to probe entanglement and many-body correlations stored in a quantum state.
In this Perspective, we take a top-down route in terms of characterizing quantum information.
First, we revisit the maximum speed at which quantum information propagates in a many-body
system after a quench. How fast information propagates is intrinsically determined by the char-
acter of the inter-particle interactions and can be directly observable in the dynamics of two-body
correlations [13, 14, 15, 16, 17]. However, accessing higher order correlations is fundamental
for gaining a full picture of the dynamics of quantum information in many-body systems. We
thus proceed to discuss experimental developments on how to extract information of many-body
correlations. We do that by first reviewing measurements based on quantum interference [18],
and then discuss new in-situ techniques accessible in state-of-the-art quantum gas microscopes
[19, 20, 21, 22, 23, 24, 25, 26] and trapped ions[28]. These latter techniques have allowed direct
measurements of entanglement between different parts of a quantum system [27, 28], to study the
role of entanglement in the emergence of statistical mechanics [28, 29]. Applying these techniques
to systems that fail to thermalize — known as many-body localized systems (MBL) — enabled
new perspectives through studies of entanglement dynamics [28, 32, 33], building on pioneering
work with single-particle probes [30, 31, 34]. Finally, we discuss the intimately related topic of
scrambling of quantum information, which is a concept first developed in attempts to understand
the black hole information paradox, and fundamentally linked to how information dynamics leads
to thermalization [1, 2, 3, 7, 35]. We also discuss its characterization through out-of-time-order
correlations. We conclude with a brief outlook, discussing some of the open questions which future
work might address.
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2 General overview
Theoretical developments In quantum mechanics, interactions between particles can lead to the
build-up of entanglement. A central question is how entanglement is distributed and how fast it
spreads in non-equilibrium interacting quantum many-body systems. Answering this question can
impact quantum technologies, help designing optimal structures of quantum computer circuits and
unveil the emergence of thermodynamics in isolated quantum systems[8, 9].
The key to understanding the dynamics of quantum information is that it is stored in local
degrees of freedom of the initial state of the system and can become scrambled across the global
degrees of freedom of the system. This process is dubbed ‘information scrambling’ [35]. Scram-
bling is generically accompanied by a build-up of many-body entanglement, causing the reduced
density matrix of smaller subsystems to attain a steady state that can be described by a statistical
ensemble and thus to thermalize. The entanglement build-up, is therefore the underlying reason
why at the microscopic scale quantum mechanics can still lead to the emergence of behaviour
consistent with statistical mechanics typically expected at the macroscopic scale.
One associated question then is how fast a system can thermalize. This is directly connected
to the speed at which quantum information can propagate in a quantum system. For systems with
only short-range interactions, Elliott Lieb and Derek William Robinson[13] derived a constant-
velocity bound (now known as the Lieb-Robinson bound) that limits correlations to within a linear
effective ’light cone’, similar to the linear spreading of information in relativistic theories due to
the finite speed of light. However, little is known about the propagation speed in systems with
long-range interactions [36, 37, 38, 39, 40], partly because analytic solutions rarely exist and long-
range interacting systems are very hard to tackle with current numerical methods. New theoretical
bounds have been derived from the study of black holes [10]. They have led to the conjecture
that fundamental bounds on quantum information spreading do exist for systems with generic
interactions (for example interactions that decay as a power law with distance, such as dipolar or
Coulomb interactions). However, it remains unclear if more familiar quantum many-body systems
(such as those created in the cold atom laboratories ) saturate those bounds.
While most of the systems found in nature thermalize, there are special types of systems
which defy thermalization and can retain retrievable quantum correlations and avoid the spreading
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of quantum information to arbitrarily long times[9, 41]. Such MBL systems typically require the
interplay of strong disorder and interactions[42, 43].
Figure 1: Tools to control single atoms and ions enable us to probe, almost in real time, the dynamics of
quantum information. Understanding the propagation of information and entanglement in complex systems
is relevant for a broad range of disciplines with important fundamental and practical implications.
Experimental platforms The development of new experimental capabilities and methodologies
has been fundamental not only to understanding bounds of propagation of information in many-
body systems but also thermalization, scrambling and many-body localization. In particular, syn-
thetic quantum many-body AMO systems – including ultra-cold neutral atoms [25] and arrays of
trapped ions[44] – are playing an essential role in this effort. In these platforms experiments are
starting to achieve full microscopic control over single qubits encoded in hyperfine states of neu-
tral ground state atoms [19, 20, 21, 22, 23, 24, 25, 26, 45], trapped ions[28, 46, 47] and Rydberg
states[48, 49, 50, 51, 52], combined with tunable interactions between qubits.These interactions
can be categorized in terms of their spatial range. Contact interactions, due to, for example, atomic
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collisions, are the dominant type of interactions in ultracold gases and are controllable by tun-
ing the scattering length as via, for example, Feshbach resonances[53]. Various other interactions
which decay as a power-law between particles separated by a distance r are also accessible. For
instance, van der Waals interactions ∝ 1/r6 can be realized in Rydberg atoms. Dipolar interac-
tions ∝ 1/r3 [54] , which additionally depend on the relative orientation of the interacting dipoles,
are experienced by magnetic atoms, polar molecules and Rydberg atoms. They are controllable
by external electromagnetic fields. It is also possible to entirely engineer interactions by coupling
particle’s internal degrees of freedom (spin) to shared bosonic modes [55, 56, 57]). For instance,
when trapped ions are illuminated by laser beams a spin-dependent force can be created and used
to virtually excite phonons in the ion crystal. The phonons in turn mediate spin-spin couplings
that inherit the non-local structure of the collective modes. The diverse nature of these interactions
enables the exploration of a broad parameter space and taking advantage of the complementary
experimental capabilities offered by different platforms.
3 Measuring correlation functions
Lieb-Robinson bounds and the spatially-resolved propagation of quantum correlations were first
observed and verified in a neutral atom quantum simulator of the 1D Bose-Hubbard model [14].
A Bose gas of 87Rb trapped in an optical lattice was prepared in the Mott phase with one atom per
site and subsequently rapidly quenched to the superfluid phase, creating a non-equilibrium state
which then was allowed to evolve. Non-trivial correlations built up in spatially distinct regions
of the lattice, driven by the creation of local doublon/holon quasiparticle pairs. These quasiparti-
cles propagated through the system with fixed opposite momenta and at a constant characteristic
velocity, consistent with and supporting the validity of the Lieb-Robinson theory for short-range
interacting systems (see Fig.2a).
The investigation of similar bounds for long-range interacting systems, for which generic
linear light-cone behaviour is not necessarily satisfied or expected [36, 37, 38, 39, 40], was pur-
sued by experiments in chains of trapped ions [15, 16, 58]. Specifically, for two spins, i and j,
located at positions, ri and rj respectively, the investigated dynamics were set by 1D XY and Ising
spin models with spin couplings decaying with interparticle distance, |ri−rj|, as a power-law with
exponent α: Jij ∝ 1/|ri − rj|α. Although the experiments reported in refs [15, 16, 58] explored
similar spin models, they differed in the quench protocol used. refs [15, 58] reported on the dy-
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namics of a single excitation by flipping the spin of an individual ion in a polarized chain (Fig.
2b) and measured the propagation of information at later time via spatially-resolved two-particle
correlations Cij(t) = 〈σˆzi σˆzj 〉 − 〈σˆzi 〉〈σˆzj 〉. Here σˆzj are Pauli matrices acting on spin j. Although
dynamics approximately consistent with a linear light-cone was observed for α > 1.41, strong de-
viations from a linear wavefront were seen for smaller α, signalling the breakdown of the simpler
Lieb-Robinson type bound. Similar results were reported in ref.[16] but using a global quench
where the dynamics of correlations must be thought of as the interference of many propagating
quasi-particles, rather than a single excitation. These experimental results have later motivated
theoretical progress in improving bounds for long-range interactions [39].
Propagation of correlations has also been studied in the context of the dynamics of a 1D
Bose gas in ref. [17]. In this study, the focus was to demonstrate that relaxation of a many-body
quantum system first develops at local scales, due to the finite speed at which correlations can
emerge between spatially separated points.
In parallel, the experiment also provided insights on how many-body quantum systems re-
lax to steady states with local properties described within the framework of statistical mechan-
ics. Leveraging the control and precision of their atom-chip setup, an initial equilibrium quasi-
condensate was split into two copies to form a highly non-equilibrium state. Using matter-wave
interference (see Fig.2c), the group was able to probe the relaxation of the system towards a steady
state by the measurement of two-point phase correlation functions. The steady state was observed
to emerge at short length scales, zc ∼ 2ct, (where t is the time) bounded by the finite characteristic
speed c at which correlations propagate through the system. This steady state is consistent with
the predictions of a generalized Gibbs statistical ensemble (which accounted for the conserved
quantities in the implemented model).
Subsequent advances in the atom-chip platform have led to the capability to characterize the
experimental system in increasing detail, including up to 10-point correlation functions and full
distribution functions. This ability was first used to further investigate the relaxation to a Gibbs
ensemble [59], before experiments studied quantum simulation of the sine-Gordon model with a
pair of tunnel coupled 1D Bose gases [18]. The latter has opened a path to the characterization of
the complexity of many-body states, by determining the degree of non-factorizability of high-order
correlations into lower-order correlations (see Fig. 2c).
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Figure 2: Propagation and build-up of quantum correlations in non-equilibrium dynamics. (a) The propagation of
correlations was investigated using neutral atoms in an optical lattice to emulate the Bose-Hubbard model. The atoms
were initially prepared in a Mott state with commensurate filling. The trapping potential was quenched and led to non-
equilibrium dynamics described by the creation of doublon (red circles) and holon (blue circles) quasi-particles, which
created spatial correlations at a finite characteristic velocity. (b) Similar correlation dynamics were explored in a 1D
chain of trapped ions (false color image) [15, 16] which emulated a spin-model with variable long-range interactions.
In particular, in ref. [15] non-trivial spin-spin correlations between spatially distinct regions of the ion chain were mea-
sured after the creation of a local excitation. (c) Studying high-order correlations with tunnel coupled 1D Bose gases
[18]. Correlations between the phase profiles of two coupled 1D Bose gases were probed by matter-wave interference.
An example 4-th order two-point phase-correlation G(4)(z1, z2), where z1 and z2 are two different locations in the
tube. The function G(4)(z1, z2) can be decomposed into lower-order correlators, typically referred to as the discon-
nected part, and non-factorizable terms, typically referred to as the connected contributions, which are a measure of the
complexity of a quantum state. Atomic interactions and coupling of the 1D gases led to non-trivial buildup of correla-
tions which cannot be factorized, manifested in a non-vanishing connected contribution. (d) Correlation dynamics in
Rydberg arrays. Optical tweezers were used to trap individual Rydberg atoms in a controllable array (left) [51]. Effec-
tive spin-spin interactions were engineered via an atomic van der Waals interaction. Non-equilibrium dynamics were
probed by spatially and time-resolved density-density correlations g(2)(k, l) = 1Nk,l
∑
i,j(〈nˆinˆj〉−〈nˆi〉〈nˆj〉). Here nˆi
is a projector on the Rydberg state for atom i, the sum runs over atom pairs (i, j)whose separation is ri−rj = (ka, la),
a is the lattice spacing and Nk,l is the number of such atom pairs in the array (right). Panel (a) reproduced from
ref. [14]; panel (b) reproduced coutersy of the Innsbruck trapped ion group and refs. [15]; panel (c) adapted from
refs. [18, 59]; panel (d) adapted from Ref. [51].
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Arrays of optically-trapped Rydberg atoms enable the probing of the dynamics of correla-
tions with single-atom resolution. By encoding an effective spin degree of freedom in the ground
and excited Rydberg states, spin-spin interactions have been generated through strong van der
Waals interactions between Rydberg atoms [49, 50, 51, 52, 60] and through optical dressing in a
lattice [48], leading to the emulation of spin models in a new platform. In the former, the atoms are
trapped in individual microtraps (tweezers) and excited to Rydberg states. The microtraps can be
arranged such that the blockade radiusRb, that is, the distance over which inter-atomic interactions
prevent the simultaneous excitation of two atoms, is comparable to the separation between tweez-
ers. This has allowed the study of rich non-equilibrium dynamics following quenches [50, 52] and
slow sweeps [49, 60] in spin models with relatively short-range interactions. A quantum system
of a nearest-neighbour Ising antiferromagnet was implemented in 1D and 2D neutral atom arrays
[52, 61], allowing the study of dynamics as experimental parameters were dynamically tuned (see
Fig.2d). Observations of non-trivial spatially-resolved spin-spin correlations exhibited a charac-
teristic delay, which was used as an experimental signature of the bounds on the propagation of
correlations.
4 Probing entanglement entropy
So far, we have discussed how interactions can induce measurable correlations in a many-body
system, and how these correlations can be subsequently measured in a variety of AMO platforms.
However, these correlations alone do not always certify the presence of entanglement. Although in
spin systems correlations in several bases of spin operators can quantify entanglement via full-state
tomography, this approach scales poorly with size, limiting its applicability to many-body systems.
Nevertheless, by capitalizing on recent advances in microscopic control of large AMO systems, a
variety of new protocols with more flexible properties have allowed for direct measurement of
entanglement dynamics.
These measurement protocols are built on the concept that entanglement fundamentally in-
volves non-classical correlations between the different subsystems of a quantum many-body state.
A subsystem might be delineated spatially, with respect to the momentum space, or through other
desirable partitions of the system. To connect with recent experimental studies, we focus on the
case of entanglement between two spatially separated regions of a quantum state. Consider an ini-
tial non-entangled product state, |ψ(0)〉 = |ψ〉A ⊗ |ψ〉B where A,B refer to spatial subsystems of
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the full system, evolving under the interacting quantum many-body Hamiltonian. While the initial
combined state of the quantum system may be written as a product of the state of pure subsystems,
the Hamiltonian evolution may generate entanglement (see Fig. 3a). As a result, one will no longer
be able to describe the state of each subsystem as a pure state, instead each is described by a mixed
state due to the entropy induced by entanglement. The degree of mixedness can be quantified in
terms of the von Neumann entanglement entropy SvN = Tr[ρA log(ρA)] or the n-th order Rényi
entropy Sn = Tr[ρnA], where ρA is the reduced density matrix of the subsystem A. The growth of
local entropy, Sn or SvN , in a closed, pure quantum system certifies the presence and quantifies the
degree of entanglement present between the subsystems.
Box 4.1: Protocol for Measuring the Rényi Entropy
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In a quantum gas microscope the Rényi entropy is measured as follows (a) After preparing a low-
entropy Mott-insulator. (b) Two copies of a quantum state of interest are isolated. (c) The two
states then each undergo an identical quench in the Hubbard parameters, by suddenly reducing the
lattice depth. (d) The two copies are then interfered using a double-well beam-splitter interaction, and
number-resolving measurements yield Tr(ρ2), with ρ being the density matrix, for all subsystems and
the full system simultaneously. In ref. [29], this protocol was applied to a six site unity-filled Bose-
Hubbard chain after a lattice quench from a Mott-insulator into the superfluid region of the ground-state
phase diagram. This quench is meant to facilitate study of perturbing the system from equilibrium and
observing its subsequent relaxation. Figure adapted with permission from ref. [29].
The role entanglement entropy plays in the thermalization of closed quantum systems [63,
64, 65] is particularly relevant. At first glance, quantum thermalization may be a confusing con-
cept: a unitarily evolving quantum system remains pure in time, which would seem to preclude
the system’s observables approaching those of an entropic thermal ensemble. However, as the iso-
lated system evolves, the subsystems become more entropic due to becoming entangled with each
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other. In particular, when a quantum system thermalizes, the entanglement entropy scales exten-
sively with the size of the subsystem, as expected from basic expectations of how thermal entropy
should scale in statistical mechanics. In this scenario, the subsystems of a thermal ensemble and
a highly entangled from the perspective of entanglement entropy pure state can become identical
with respect to all local measurement observables. Hence, the entanglement entropy fulfills the
role of the thermal entropy from statistical mechanics, so that sub-systems are faithfully described
by maximum entropy ensembles. This crucial role of entanglement entropy has led to its use
in differentiating phases of matter in non-equilibrium physics [43, 66], such as thermalizing and
many-body localizing phases. It also plays a role outside of quantum statistical mechanics in topo-
logical states of matter, where topological properties can induce entanglement entropy invariants
from highly non-local correlations [67, 68].
To study these concepts experimentally, quantum gas microscopes have been used to gener-
ate pure quantum states that observably undergo this process of thermalization. In ref. [29], using
6 bosons on 6 sites, the global purity and subsystem mixedness were measured using the pro-
posed [69] and subsequently demonstrated technique of many-body interference [27, 29], which
yields the second-order Rényi entropy S2 = Tr(ρ2A) (see Box 1 for details). It was observed that
the entanglement entropy grew from a vanishing value consistent with the initial product state
prepared, and subsequently saturated (with residual finite-size fluctuations) to a value near the ex-
pected thermal entropy of the sub-system (see Fig. 3b). At the same time, the full system entropy
was observed to be static and near unity as a function of time, although more traditional local ob-
servables – such as the on-site number distribution – converged on the predictions stipulated by
a thermal ensemble in the full-system eigenstates (see Fig. 3b). The scaling of the entanglement
entropy at long times was contrasted with that of the ground-state for the same lattice parame-
ters, illustrating the expected differences in the behavior of the entanglement entropy in the two
regimes [63, 64, 65].
An alternate protocol for measurement of the Rényi entropy involving randomized mea-
surements combined with single particle resolution, was implemented for a trapped-ion quantum
simulator [28]. The protocol allowed measurements of Rényi entropy for partitions up to 10 out
of 20 ions. Similar to the quantum gas microscopes, the system can be initialized into a pure state
with high fidelity. Furthermore, the sources of decoherence present are well understood, allow-
ing for local and global entropy to be distinguished and thus for entanglement dynamics to be
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properly characterized. This protocol requires only a single copy of a system and can be readily
implemented in any experimental system where single particle addressability and detection are
available.
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Quantum thermalization through entanglement in an isolated many-body system
A. M. Kaufman, M. E. Tai, A. Lukin, M. Rispoli, R. Schittko, P. M. Preiss, and M. Greiner⇤
Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
(Dated: September 1, 2016)
The concept of entropy is fundamental to thermalization, yet appears at odds with basic principles
in quantum mechanics. Statistical mechanics relies on the maximization of entropy for a system at
thermal equilibrium. However, an isolated many-body system initialized in a pure state will remain
pure during Schro¨dinger evolution, and in this sense has static, zero entropy. The underlying
role of quantum mechanics in many-body physics is then seemingly antithetical to the success of
statistical mechanics in a large variety of systems. Here we experimentally study the emergence of
statistical mechanics in a quantum state, and observe the fundamental role of quantum entanglement
in facilitating this emergence. We perform microscopy on an evolving quantum system, and we see
thermalization occur on a local scale, while we measure that the full quantum state remains pure.
We directly measure entanglement entropy and observe how it assumes the role of the thermal
entropy in thermalization. Although the full state remains measurably pure, entanglement creates
local entropy that validates the use of statistical physics for local observables. In combination with
number-resolved, single-site imaging, we demonstrate how our measurements of a pure quantum
state agree with the Eigenstate Thermalization Hypothesis and thermal ensembles in the presence
of a near-volume law in the entanglement entropy.
When an isolated quantum system is significantly per-
turbed, for instance due to a sudden change in the Hamil-
tonian, we can predict the ensuing dynamics with the
resulting eigenstate distribution induced by the pertur-
bation or so-called “quench” [1]. At any given time, the
evolving quantum state will have amplitudes that de-
pend on the eigenstates populated by the quench, and
the energy eigenvalues of the Hamiltonian. In many
cases, however, such a system can be extremely di -
cult to simulate, often because the resulting dynamics
entail a large amount of entanglement [2–5]. Yet, sur-
prisingly, this same isolated quantum system can ther-
malize under its own dynamics unaided by a reservoir
(Figure 1) [6–8], so that the tools of statistical mechan-
ics apply and challenging simulations are no longer re-
quired. In this case, a quantum state coherently evolving
according to the Schro¨dinger equation is such that most
observables can be predicted from a thermal ensemble
and thermodynamic quantities. Strikingly, even with in-
finitely many copies of this quantum state, these same
observables are fundamentally unable to reveal whether
this is a single quantum state or a thermal ensemble. In
other words, a globally-pure quantum state is apparently
indistinguishable from a mixed, globally-entropic ther-
mal ensemble [6, 7, 9, 10]. Ostensibly the coherent quan-
tum amplitudes that define the quantum state in Hilbert
space are no longer relevant, even though they evolve in
time and determine the expectation values of observables.
The dynamic convergence of the measurements of a pure
quantum state to the predictions of a thermal ensemble,
and the physical process by which this convergence oc-
curs, is the experimental focus of this work.
On-going theoretical studies over the past three
decades [6, 7, 9–13] have, in many regards, clarified the
⇤ E-mail: greiner@physics.harvard.edu
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FIG. 1. Schematic of thermalization dynamics in
closed systems. An isolated quantum system at zero tem-
perature can be described by a single pure wavefunction | i.
Subsystems of the full quantum state appear pure, as long
as the entanglement (indicated by grey lines) between sub-
systems is negligible. If suddenly perturbed, the full system
evolves unitarily, developing significant entanglement between
all parts of the system. While the full system remains in a
pure, and in this sense zero-entropy state, the entropy of en-
tanglement causes the subsystems to equilibrate, and local,
thermal mixed states appear to emerge within a globally pure
quantum state.
role of quantum mechanics in statistical physics. The
conundrum surrounding the agreement of pure states
with extensively entropic thermal states is resolved by
the counter-intuitive e↵ects of quantum entanglement.
A canonical example of this point is the Bell state of two
spatially separated spins: while the full quantum state
is pure, local measurements of just one of the spins re-
veals a statistical mixture of reduced purity. This local
statistical mixture is distinct from a superposition, be-
cause no operation on the single spin can remove these
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Figure 1: Measuring second-order Re´nyi entropies via randomized measure-
ments. a) Single qubit Bloch sphere. The purity is directly related to the width of the
distribution of measurement outcomes after applying random rotations ui. Initial pure
state (blue) and mixed state (red) cases are shown. See text. b) Generalization to mul-
tiple qubits: Measuring up to 10-qubit partitions of a 20-qubit string, as shown (top).
Repeated measurements are made to obtain statistics, see text. Experimental data (bot-
tom): Histograms of the weighted sum X of cross correlations (as defined in Eq. (2)),
with mean values corresponding to the purities (dashed lines). Results are shown for two
di↵erent times during evolution under HXY, starting from a highly pure, separable state
and evolving into a high entropy state.
The system was initially prepared in the Ne´el ordered product state ⇢0 = | ih | with
| i = | #"# .. "i. This state was subsequently time-evolved under HXY (or H) into the
state ⇢(t). The coherent interactions arising from this time evolution generated varying
types of entanglement in the system. Subsequently, randomized measurements on ⇢(t)
were performed through individual rotations of each qubit by a random unitary (ui),
sampled from the CUE (25), followed by a state measurement in the z-basis. Each ui can
be decomposed into three rotations Rz(✓3)Ry(✓2)Rz(✓1), and two random unitaries were
concatenated to ensure that drawing of the ui was stable against small drifts of physical
parameters controlling the rotation angles ✓i (26). Finally, spatially resolved fluorescence
measurements realised a projective measurement in the logical z-basis. To measure the
entropy of a quantum state, NU sets of single-qubit random unitaries, U = u1⌦ · · ·⌦ uN ,
were applied. For each set of applied unitaries, U , the measurement was repeated NM
times.
In the first experiment, the 10-qubit state ⇢0 was prepared and subsequently time-
evolved under HXY (Eq. (3)), without disorder, for ⌧ = 0, . . . , 5 ms. Fig. 2 shows the
measured purities (a) and entropies (b) of all connected partitions that include qubit
1 during this quench. The overall purity (and thus entropy) remained at a constant
value of Tr [⇢2] = 0.74 ± 0.07, within error, throughout the time evolution, implying
that the time evolution was approximately unitary. The initial state’s reconstructed
4
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Figure 3: Thermalization dynamics of an isolated quantum system accompanied by the build-up of entan-
glement entropy. (a) Schematic illustration of the thermalization process. In the top panel the system at
temperature T = 0 is described by a pure state |ψ〉 (ref. [29]). If the state is close to a product state, then
the entanglement (grey lines) between the different subsystems is negligible, so that each subsystem is also
pure. The unitary evolution of th system p st quench entangles all parts of the system, shown schemati-
cally in the bottom panel. The bar graphs show the probability, P (A), of an observable A before and after
perturbation of the system. Although the full system remains in a pure and in this se s zero entr py state,
the entropy of entanglement causes the subsystems to equilibrate, and local, thermal mixed states appear.
(b) and (c) The ’ hermal’ behaviour of the globally pure stat aft r a quench is ma ifest in the scaling of
the entanglement entropy with subsystem size [28]. In panel (b) the experimental data from a quantum gas
microscope is shown; the red (blue) data illustrates the scaling of entanglement entropy, SA, with subsys-
tem size A in the thermalized state (ground- tate). Panel (c) illustrates measurements of the entanglement
entropy, S2(ρA) vs subsystem size NA, in a trapped-ion system using randomized measurement bases. In
both cases, the scaling of the Rényi entropy for the thermalized state approaches that of a thermal ensemble.
ρA is the reduced density matrix of the subsystem A. Panels (a) and (b) adapted with ref. [29]; panel (c)
adapted from ref. [28].
The MBL regime, where a sufficiently strong disorder prevents many-body interacting sys-
tems from thermalizing and suppresses the growth of entanglement entropy, has also been ex-
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plored using quantum gas microscopes and ion traps. The primary signature of the MBL phase
is the logarithmic growth of the sub-system entanglement entropy, S(t) ∼ log(t) in a model with
nearest-neighbour couplings. However, a direct measurement of entanglement entropy is challeng-
ing, limiting experiments to systems of no more than∼ 10− 20 particles, and to short times where
the system remains coherent. Thus in the pioneering experiments done first in 1D quasi-random
optical lattices [30, 31] with interacting fermions and later in a two-dimensional array of interact-
ing bosons [34] a single body observable, imbalance I(t), was used to characterize the MBL phase.
In the 1D case the system was prepared in a charge density wave state with the odd lattice sites
occupied, Nodd = N , and Neven = 0. For this state, the dynamics of I(t) = (Nodd − Neven)/N
was found to be drastically different in the MBL phase, where the imbalance approached a constant
non-zero value, versus the thermal phase, where it rapidly decayed to zero, signalling that all signa-
tures of the initial order have vanished. Corresponding measurements of imbalance, adapted to the
2D case where theory is substantially more challenging, were performed in an interacting bosonic
system via quantum gas microscopy [34], in which studies of two-point correlators were also pos-
sible. A similar approach was taken in the trapped-ion experiment in ref. [32], where a chain of 10
trapped ions was initialized in the Neél state and subject to the transverse Ising Hamiltonian with
power-law interactions, and with tunable quench disorder. The MBL phase was characterized by
measuring the Hamming distance, which quantifies how many spin flips a state is different from
the initial Neél state. This observable is closely related to the quantum Fisher information, an
entanglement witness, which has been shown to grow logarithmically in the MBL phase [43].
A clear experimental observation of the logarithmic growth of entanglement in the MBL
phase was reported in ref. [33], where the addition of site-resolved potential offset to the system
in Ref. [29] allowed for the realization of the interacting Aubry-André model. In this system
the interaction strength, tunneling rate, and the disorder strength were varied to move between
thermalizing and MBL phases. Two theoretically motivated quantities, namely the correlations
between the spatial configuration of particles and the correlations between the number of particles
in the two subsystems, were used as proxies for entanglement entropy. Furthermore, in ref. [28],
a direct measurement of the half-chain entanglement entropy dynamics showed marked difference
between the thermalizing and the MBL phases. The large number of theoretical investigations in
the past few years and subsequent experimental studies carried out highlight the continued critical
role that entanglement plays in classifying many-body dynamics.
12
5 Scrambling of quantum information
Although time-ordered correlations display signatures of the apparent thermalization in closed
quantum systems, they do not capture the details of how information is ’scrambled’, or spread over
the many-body degrees of freedom becoming inaccessible to solely local probes. The simplest
measures of scrambling are the expectations values associated with products of operators at dif-
ferent times, the lowest-order of which has been called out-of-time-order correlations (OTOCs).
They are defined as C(t) = 〈Wˆ †(t)Vˆ †(0)Wˆ (t)Vˆ (0)〉, where Vˆ (0) and Wˆ (0) are two commuting
operators and Wˆ (t) = eiHˆtWˆ (0)e−iHˆt the time evolved version of Wˆ (0) under the many-body
Hamiltonian Hˆ . The OTOC C(t) can be interpreted as quantifying the non-commutativity of
two initially commuting operators, a point which can be made explicit by noting the connection
Re[C(t)] = 1− 〈[Wˆ (t), Vˆ (0)]†[Wˆ (t), Vˆ (0)]〉/2. OTOCs are closely connected with the spin-echo
protocol introduced more than fifty years ago [70] and were first formally used in the context of
superconductivity [71]. However, lately they have gained renewed attention given their key role
in characterizing chaos, operator spreading and the scrambling of quantum information in many-
body systems [72, 73, 74, 75]. Their study has opened a parallel new front for the understanding
of the dynamics of quantum information.
The generic tunability of AMO and nuclear magnetic resonance systems have enabled pi-
oneering experimental measurements of OTOCs using spin-echo protocols. Here, by switching
the sign of the Hamiltonian halfway through, the dynamics can effectively be reversed, essentially
allowing the measurement of observables at different times, that is OTOCs. This has recently been
achieved in macroscopic 2D arrays of trapped ions [76], in a four-spin nuclear magnetic resonance
system (to see chaotic dynamics) [77], in larger nuclear magnetic resonance chains (to see evidence
of localization) [78], in momentum states of a Bose-Einstein condensate [79] and using a family
of 3-qubit scrambling unitaries in an ion chain [80].
In these experiments the broad applicability and potential of OTOCs beyond just measuring
scrambling was demonstrated. For example, single qubit control in ref. [77] allowed the proof-of-
principle reconstruction of entanglement entropy from measured OTOCs according to a proposal
connecting these concepts [11, 72]. Complementary to this, the trapped ion experiment demon-
strated that the analysis of the Fourier decomposition of a set of OTOCs can be used to infer the
buildup of m-body correlations between m of the spins and to characterize the growth of many-
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Figure 4: Measurement and analysis of out-of-time-order correlations (OTOCs). (a) In atomic, molecular
and optics platforms OTOCs have been measured with Vˆ chosen to be an operator such that the initially
prepared (pure) state is an eigenstate, Vˆ |ψ0〉 ∝ |ψ0〉. Control of the sign of the Hamiltonian Hˆ → −Hˆ
allows the effective reversal of time and thus the OTOC C(t) is reduced to measurement of Vˆ † for the
time-evolved state |ψf 〉. (b) In a 2D trapped ion array (inset) [76] the Fourier decomposition of an OTOC,
Cφ(t) = 〈Wˆ †φ(t)Vˆ †(0)Wˆφ(t)Vˆ (0)〉 ≡
∑
mAm(t)e
imφ was studied where Wˆφ(0) = e−iφSˆx was a global
rotation and Vˆ = Sˆx =
∑
j σˆ
x
j /2.Here, σˆ
x
j is the x Pauli matrix acting on spin i. Observation of a non-zero
Fourier amplitude Am 6= 0 indicates the presence of m-body correlations between m spins, as indicated by
the grouped ions. Panel (b) adapted from Ref. [76].
body coherences (see Fig. 4). A work in a 7-qubit ion trap implemented a protocol to rigorously
distinguish the effects of decoherence from scrambling [80].
These preliminary experiments have given just a small taste of the possible physics which
AMO platforms could unveil through the study of OTOCs. Perhaps the most exciting prospect is
to use engineered interactions in AMO systems to realize so-called fast scrambling models which
might have connections to high-energy physics, such as the Sachdev-Ye-Kitaev model [81]. Whilst
links to classical chaos have indicated that for some quantum systems an OTOC can grow exponen-
tially, C(t) ∼ eλt, it has also been shown [10] that generically this growth rate should be bounded
in quantum systems by the temperature λ ≤ 2piT . The study of OTOCs in high-energy physics has
led to the intriguing insight that the scrambling rate in black holes saturates this bound, λ = 2piT ,
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giving rise to the conjecture that any quantum system which similarly saturates the bound might
be a holographic dual to a black hole [1, 2, 3, 4]. Exploring such connections using engineered
analogue models in tabletop AMO experiments might lead to valuable insight in different areas.
6 Outlook
Despite the progress in understanding the role of quantum entanglement and correlations in the dy-
namics of many-body systems different directions remain to be explored. For example, measure-
ments of entanglement between subsystems in quantum gas microscopes, microtraps and trapped
ion systems have been constrained to only a handful of particles due to the increasing complex-
ity of preparation, control, and detection with system size. The detailed characterization of the
dynamics of quantum information via entanglement measurements in larger systems containing
many tens to hundreds of particles, which are intractable to current theoretical methods, remains
an open challenge, and will require the design of new efficient and scalable alternative protocols
for creating or measuring entanglement.
In parallel to the analog quantum simulators discussed here, the development of digital quan-
tum simulators will enable the investigation of increasingly tunable and versatile physical systems
[82]. These will open a path for the study more complex problems that saturate the bound of in-
formation scrambling or even violate it under some specific conditions [83]. These include the
realization of models relevant for high-energy physics [84], investigation of fast scrambling [80]
and future demonstrations of quantum supremacy via random unitary operations [85, 86, 87, 88].
Finally, our discussion has been restricted to systems governed by time-independent Hamil-
tonians. However, there is a variety of many-body phenomena which are being investigated in
driven and dissipative regimes. These phenomena include Floquet dynamics[89], the emerg-
ing topic of time crystals [90, 91], quantum synchronization [57, 92, 93, 94], self-organization
[95, 96, 97, 98] and dynamical phase transitions [99, 100, 101]. These can provide a new under-
standing of the dynamics information in regimes beyond the unitary and time-independent Hamil-
tonians and thus be potentially useful for the design of optimal and robust protocols to store and
transmit quantum information in many-body systems.
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